Tyrosine autophosphorylation within the cytoplasmic tail of EGF-receptor is a key event, which in turn recruits several factors including Shc, Grb2 and Rin1 that are essential activities for receptormediated endocytosis and signaling. In this study, we demonstrated that treatment with AG1478, an EGF-receptor kinase inhibitor, blocked the formation of Rab5-positive endosomes as well as the activation of Rab5 upon addition of EGF. We also found that EGF-receptor catalytically inactive mutant failed to activate Rab5 upon EGF stimulation. Additionally, endosomal colocalization of Rab5 and EGF-receptor was inhibited by AG1478. Interestingly, AG1478 inhibitor did not block the formation of enlarged Rab5-positive endosomes in cells expressing Rab5 GTP hydrolysis defective mutant (Rab5: Q79L). AG1478 inhibitor also blocked the in vitro endosome fusion in a concentration-dependent manner, and more importantly, Rab5: Q79L mutant rescued it. Furthermore, addition of Rin1, a Rab5 guanine nucleotide exchange factor, partially restored enodosome fusion in the presence of AG1478 inhibitor. Consistent with these observations, we also observed that Rin1 was unable to localize to membranes upon EGF-stimulation in the presence of AG1478 inhibitor. These results constitute first evidence that the enzymatic activity of a tyrosine kinase receptor is required endosome fusion via the activation of Rab5.
INTRODUCTION
Interaction of epidermal growth factor (EGF) [1] with EGF-receptors leads to activation and tyrosine autophosphorylation of the receptor, which in turn creates binding sites for proteins containing Src homology 2 (SH2) and phosphotyrosine-binding domains (PTB) [2] . Thus, tyrosine kinase activity plays an essential role in signal transduction and membrane trafficking of growth factors. Consequently, the activation of EGF-receptor dramatically accelerates endocytosis of EGF-receptor complexes through clathrin-coated pits [3] .
Several factors affect the endocytosis of activated EGF-receptors, including Shc, Grb2, Cbl, Rab5, and PI3-kinase [2] [3] [4] . After internalization, EGF-receptors are efficiently sorted to the lysosomal compartment via early and late endosomes. Thus, increased internalization and lysosomal targeting, results in down-regulation of EGF-receptor and leads to attenuation of the growth factor signaling cascade [4] .
The early endosome is a key checkpoint in endocytic pathways, where a decision is made whether to be sorted to the late endosome/lysosome compartment or to be recycled back to the plasma membrane [5, 6] . Rab5 and its effectors, including EEA1, Rin1 and Rabex-5, together with other small GTPases (i.e., Rab 4, 7, 11, 15 and 22) , are likely to tightly control the fusion and sorting of molecules that have entered the early endosome [7, 8] . Hence, early endosome fusion is dependent on Rab5 proteins and is selective, thereby allowing orderly modification of ligand-receptor interaction complexes and signaling in a sequential manner by altering the surroundings during ligand-receptor internalization [9] [10] [11] [12] [13] [14] . In addition, several Rab5-asociated proteins are also required for endosome-endosome fusion [14] [15] [16] [17] [18] [19] [20] [21] .
Given the importance of tyrosine phosphorylation in both signaling and trafficking of growth factors, specific and selective inhibitors of tyrosine kinase activity are important tools for studying EGF-receptor function [1, 4, 6, 22] . Thus, the analysis of the effects of tyrosine kinase inhibitors on EGF-receptor trafficking and signaling may provide important information about the mechanisms by which the inhibitor(s) function(s) at the cellular level.
In this study we demonstrate that tyrosine kinase activity of the EGF-receptor is required for the formation for enlarged Rab5-positive endosomes as well as for the activation of Rab5 in intact cells. We also observed that AG1478 inhibitor blocked endosome fusion, whose inhibitory effect is linked to the activation of Rab5. Furthermore, we found that AG1478 inhibitor blocked the endosome fusion reaction stimulated by Rin1. More importantly, we have also observed that the addition of a constitutively active mutant of Rab5 (e.g. Rab5: Q79L), reversed the inhibitory effect of AG1478 inhibitor, suggesting a mechanism by which the tyrosine kinase activity of the receptor modulates early endosome fusion.
MATERIAL AND METHODS

Cell culture and Materials
NR6 cells expressing the human EGF-receptor (NR6-E) and human EGF-receptor catalytically inactive mutant (K712M) (NR6-K) were grown in Dulbecco's Modified Eagle's medium supplemented with 5% (w/v) fetal bovine serum containing 0.3-0.5 mg/ml G418. Kinase inhibitors were purchased from EMD Biosciences (La Jolla, CA). PY-100, EEA-1 and Rab5 antibodies were from Cell Signaling Technology (Beverly, MA). Rin1 antibodies were from Abcam Inc. Biotin-EGF and Avidin β-galactosidase were purchased from Sigma-Aldrich (St. Louis, MO). All secondary antibodies were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA). All other chemicals were obtained from Sigma unless otherwise stated.
In Vitro Endosome Fusion Assay
Early endosomes were loaded with either Biotin-EGF (B-EGF) or Avidin β-galactosidase (Av-GAL) by a 5-min uptake at 37°C in the NR6-E cells [23] . Cells were washed and homogenized in homogenization buffer (HB, 0.25 M sucrose, 20 mM HEPES, 0.5 mM EGTA, pH 7.0). The homogenates were centrifuged at 600 × g for 5 min to eliminate nuclei and cell debris. The supernatants were centrifuged at 35,000 × g for 1 min, followed by another centrifugation at 45,000 g for 5 min in a Beckman L-100 ultracentrifuge. The pellets, enriched with early endosomes, were suspended in fusion buffer (250 mM sucrose, 0.5 mM EGTA, 1mM dithiothreitol, 1.5 mM MgCl 2 , 0.025% (w/v) Biotin-BSA, 50 mM KCl, 20 mM Hepes-KOH, pH 7.0) containing Sephadex G-25-filtered cytosol (1 mg/ml), protein and phosphatase inhibitors, and an ATP-regeneration system (1 mM ATP-8 mM phosphocreatine with creatine kinase at 40 units/ml). Fusion reactions were conducted at 37°C for 1 hr in the absence or in the presence of AG1478 inhibitor [24] or its inactive analog (AG9) [25] at the concentration indicated in each figure, and quantified by measuring the β-Galactosidase activity of the immunocomplex [23] . Typical homogenizations yielded >80% of endocytosed marker in the post nuclear supernatant (PNS) as determined by either radioactivity or immunoprecipitation of ligand. PNSs could then be used fresh for fractionation studies or stored frozen in liquid nitrogen for later use. Endosome-enriched and supernatant fractions were obtained as previously described [23, 26] .
Confocal microscopy
NR6 cells were seeded on glass coverslips at 1.0 × 10 5 per well. The following day, cells were transfected using FugeneHD with either pEGFP-Rab5: WT or pEGFP-Rab5: Q79L mutant. Cells were starved in serum-free Dulbecco's Modified Eagle's Medium supplemented with 5% (w/v) BSA Fraction V the next day overnight, and treated as indicated with 100 nM AG9 or 100 nM AG1478 for 30 minutes at 4°C, after which they were treated with 100 ng/ml EGF for 1hr at 4°C and then stimulated to uptake the ligand for 5 min at 37°C. They were then washed with PBS and fixed in 4% (w/v) paraformaldehyde for 20 minutes. Fixed cells were probed with the rabbit polyclonal EGF-receptor antibodies for 1h. Secondary antibody used was Alexa594-conjugated goat anti-rabbit IgG. Coverslips were mounted with Prolong and viewed on a Leica TCS SP2 confocal microscope.
Image analysis
Images of fluorescent Rab5-positive endosomes were obtained using Leica TCS software. Endosome size distribution of at least 1712 Rab5: WT and 1320 Rab5: Q79L endosomes from either EGFR: WT (NR6-E) or EGFR: K721M (NR6-K) cells were analyzed by measuring both endosome diameter and perimeter using NIH Image J software (obtained from http://rsweb.nih.gov/ij/).
EEA1 pull-down assay
NR6 cells were lysed using a buffer containing 20 mM HEPES (pH 7.5), 100 mM NaCl, 1 mM DTT, 5 mM MgCl 2 , 5% (v/v) glycerol and 1% (v/v) Triton-X-100 supplemented with 1 mM PMSF. Lysates (1 ml) were then incubated with 100 μl of glutathione beads containing 10 μg of GST-EEA1 at 4°C while rocking for 1 hr. After incubation, the beads were washed three times using the lysis buffer. The pull-downs were subjected to SDS-PAGE and analyzed by immunoblotting using an anti-Rab5 antibody.
Immunoprecipitation and Western Blot analysis
NR6 cells were cultured in a 6-well plate in growth medium and serum-starved for 16 hrs. After starvation, cells were treated with EGF and AG1478 inhibitor. After treatment, cells were lysed in ice-cold lysis buffer (20 mM Tris-HCL (pH 7.5), 150 mM NaCl and 1% (v/v) Triton X-100) containing 10 mM NaF, 1mM Na pyrophosphate, 1 mM Na orthovanadate and 1% protease inhibitor mixture solution (Sigma). The lysates were clarified by centrifugation and subjected to SDS-PAGE and analyzed by Western blotting using specific antibodies. Relative units of proteins were determined by densitometry using the ratio of Grb2, Shc, Rin1, or Rabex-5 to total-EGF-receptor and tubulin, respectively. For immunoprecipitation, 100 μg of pre-cleared cell lysate was incubated with antibodies (0.5 μg) overnight at 4°C. The immune complexes were precipitated with protein G (Sigma) for 1 hr at 4° C, and the beads were washed extensively with lysis buffer before solubilization in SDS sample loading buffer.
Statistical analysis
All experiments presented were repeated a minimum of three times. The data represent the mean ± SD. Student's t test was performed to calculate statistical significance.
RESULTS
EGF-receptor tyrosine kinase inhibitor blocks fusion between endosomes in intact cells
EGF-receptor activation leads to tyrosine autophosphorylation of the cytoplasmic tail and the subsequent recruitment of several factors including Shc, Grb2, PLC-γ, Rin1 and Rabex-5 [27] [28] [29] . To determine whether EGF-receptor kinase activity directly affects the activity of Rab5 in intact cells, we examined whether the addition of AG1478 inhibitor affects the changes in distribution and/or localization of Rab5 upon stimulation of EGF in intact cells. As expected, in the absence of EGF, Rab5: wild type appears diffuse and typically in punctate endosomal structures (see arrows in Figure 1C ). However, upon addition of EGF, Rab5: wild type was found in enlarged vesicles (see arrows in Figure 1F ). In these cells, the enlarged Rab5-positive endosomes were comparable in size to those endosomes observed in cells overexpressing Rab5: Q79L mutant (compare Figure 1F with Suppl. Figure 1A -R). Furthermore, we observed a significant decrease in size of Rab5-positive endosomes in cells expressing Rab5: wild type when treated with AG1478 ( Figure  1L ), but not in cells expressing the Rab5: Q79L mutant (Suppl. Figure 1G -L). We also observed that in the absence of AG1478 inhibitor, EGF-receptor co-localizes with Rab5 on endosomes when cells are stimulated with EGF, but not in the presence of the inhibitor (compare Figure 1F and Figure 1L ). However, in cells expressing the Rab5: Q79L mutant, addition of the AG1478 inhibitor failed to affect either the formation of enlarged Rab5-positive endosomes or the co-localization of internalized EGF-receptor with Rab5: Q79L mutant-positive endosomes, when cells were treated with the AG1478 inhibitor (Suppl. Figure 1 ).
In addition, we found that in the absence or in the presence of EGF, Rab5: wild type appears diffuse and typically in punctate endosomal structures in cells expressing EGF-receptor catalytic inactive mutant (see arrows in Figure 1O -R). In contrast, we found enlarged Rab5-positive endosomes in cells expressing both Rab5: Q79L mutant and EGF-receptor catalytically inactive mutant (Suppl. Figure 1O -R). As expected, EGF-receptor: wild type, but not the catalytically inactive mutant of EGF-receptor, was tyrosine phosphorylated in the presence of EGF in these cells (Suppl. Figure 2 ). These observations are consistent with the idea that the EGF-receptor kinase activity is required for formation of enlarged Rab5-positive endosomes as well as the subsequent co-localization for Rab5 and EGF-receptor on the endosomes. Thus, it is possible to speculate that the AG418 inhibitor should alter the size distribution of endosomes in cells expressing Rab5: WT, but not in cell expressing Rab5: Q79L mutant. To test this hypothesis, we expressed GFP-Rab5: Q79L and GFPRab5: WT proteins respectively in NR6 cells. Rab5-positive endosomes were identified by confocal immunofluorescence microscopy and then quantified using the NIH Image J software. We observed that in NR6-E cells expressing Rab5: WT, the endosomes were generally smaller with an average perimeter of 1.51 μm (or 0.48 μm in diameter) and a relative variance of 1.70 In contrast upon stimulation with EGF, Rab5-positive endosomes were enlarged with an average perimeter of 3.29 μm (or 1.05 μm in diameter) and a relative variance of 1.41 (Suppl. Figure 3A) . We also observed that the addition of AG418 inhibitor to NR6-E cells expressing Rab5: WT, which were then stimulated with EGF, clearly decreased size of the endosomes (average perimeter of 1.69 μm [or 0.54 μm in diameter] and a relative variance of 1.61) (Suppl. Figure 3B ). As expected, the addition of AG9 an inactive analog, did not affect neither endosome size nor endosome distribution (Suppl. Figure A-B) . These observations are in agreement with the inhibitory effect of AG418 on the activation of Rab5 in NR6-E cells upon stimulation of EGF.
Importantly, we observed that in NR6-E cells expressing Rab5: Q79L the size distribution of the endosomes showed an average perimeter of 5.74 μm (or 1.83 μm in diameter) and a relative variance of 1.44 and were not affected by the addition of either EGF or AG418 inhibitor (Suppl. Figure 3 C ). These observations are consistent with the fact that the amount of GTP-bound form of Rab5 was not affected in NR6-E cells expressing Rab5: Q79L mutant.
Lastly, we observed that in NR6-K cells expressing Rab5: Q79L, the size distribution of the endosomes were comparable to those observed in NR6-E cells expressing Rab5: Q79L (Suppl. 
EGF-receptor tyrosine kinase inhibitor blocks the activation of Rab5 in intact cells
To further examine the role of EGF-receptor kinase activity on the activation of Rab5 upon stimulation with EGF, cells expressing either Rab5: wild type or Rab5: Q79L mutant were incubated with or without the AG1478 inhibitor in the absence or presence of EGF. After incubation, active or GTP-bound form of Rab5 was precipitated with GST-EEA1 domain as described in Materials and Methods. As shown in Figure 2A , the addition of AG1478 inhibitor significantly diminished the amount of GTP-bound form of Rab5 when the cells expressing both Rab5: wild type and EGF-receptor: wild type were stimulated with EGF. However, addition of the AG1478 inhibitor to cells expressing the Rab5: Q79L mutant had no effect at all ( Figure 2B ). Furthermore, we also found that in cells expressing EGFreceptor catalytically inactive mutant and Rab5: wild type, Rab5 was not activated and the catalytically inactive mutant of EGF-receptor was not tyrosine phosphorylated upon addition of EGF (Figure 2A and B ). These data demonstrate that the inhibition of the EGF-receptor activity is linked to the inactivation of Rab5.
EGF-receptor tyrosine kinase inhibitor blocks the recruitment of Rin1 in intact cells
Given the effect of AG1478 inhibitor on the activation of Rab5 in intact cells, we examined whether the addition of AG1478 inhibitor can affect the changes in membrane distribution of several factors associated with EGF-receptor: wild type, upon stimulation with EGF in intact cells. As expected, either in the absence or presence of EGF, EGF-receptor was always found in the membrane fraction ( Figure 3A) . EGF-receptor was also tyrosine phosphorylated only in the presence of EGF, while the addition of the AG1478 inhibitor blocked the phosphorylation of EGF-receptor ( Figure 3A) . Consistent with this data, in the absence (but not in presence) of AG1478 inhibitor, Shc and Grb2 were recruited to the membrane fraction upon stimulation with EGF ( Figure 3B and C) . Furthermore, Rin1 was recruited to the membrane upon EGF stimulation. In contrast, Rin1 was poorly localized on the membrane in the presence of AG1478 and upon stimulation with EGF ( Figure 3D ). Interestingly, Rin1 was also tyrosine phopshorylated upon EGF stimulation (Suppl. Figure  4 ), but not in the presence of AG1478 inhibitor and in cells expressing EGF-receptor catalytically inactive mutant (data not shown). As an extension of our observation, we also investigated the effect of AG1478 inhibitor on the membrane distribution of Rabex-5. As shown in Figure 3E , Rabex-5 was recruited to the membrane upon stimulation with EGF. However, the addition of AG1478 upon stimulation with EGF had no effect on the recruitment of Rabex-5 to the membrane. These data demonstrate that in addition to being able to block the recruitment of Shc and Grb2 factors, the inhibition of the tyrosine kinase activity of EGF-receptor is linked to a selective membrane targeting of Rin1. Consistent with these observations we found that Rin1, Rabex-5 and Shc were not translocated to membranes upon EGF stimulation in cells expressing EGF-receptor catalytically inactive mutant (Suppl. Figure 4) . As expected, EGF-receptor catalytically inactive mutant was not tyrosine phosphorylated upon addition of EGF (Suppl. Figure 5 ). Taken together, these observations suggest that both Rin1 and Rabex-5 are targeted to membrane upon EGF stimulation but they are not translocated either in cells expressing EGF-receptor catalytically inactive mutant or selectively affected in the presence of AG1478 inhibitor.
EGF-receptor tyrosine kinase inhibitor inhibits in vitro endosome fusion
We have previously demonstrated that different factors (i.e., Rab5, Rin1 and PI3-kinase) were required for the fusion reaction between endosomes containing EGF-receptor [21] . Interestingly, these activities have also been linked to the activated EGF-receptor, which in turn involve the formation of enlarged Rab5-positive endosomes in intact cells upon stimulation with EGF [13] . Therefore, we raised the question of whether tyrosine kinase activity of the EGF-receptor is also required in the fusion between endosomes. To investigate this requirement, we first examined the effect of AG1478 inhibitor [24, 25] on the fusion reaction. As a control, we also examined the effect of an inactive tyrosine kinase inhibitor (AG9). Five-min vesicles containing either Biotin (B)-EGF or Avidin (Av)-GAL were mixed in fusion buffer supplemented with 1 mg/ml of cytosol containing an ATPregenerating system either in the absence or in the presence of different concentrations of AG9 and AG1478 ( Figure 4A ). Samples were then transferred to 37°C for the indicated times and processed as described in Materials and Methods to determine the percentage forming the immune complex. When the fusion reaction was conducted in the presence of AG1478, we observed a strong inhibition of the fusion reaction that occurred in a concentration dependent manner. However, the addition of AG9 did not affect the fusion reaction in comparison to the control, which argues for the specificity of the exhibited inhibitory effect ( Figure 4A ).
Because of the inhibitory pattern of AG1478 exhibited in the fusion reaction ( Figure 4A ) and because Rab5 is a key factor required for fusion between endosomes directed by the EGF-receptor [9, 12] , we tested whether the AG1478 inhibitor would affect endosome fusion stimulated Rab5. Early endosome and cytosol preparation were pre-incubated with 20 μM AG1478 for 15 minutes prior to the initiation of the fusion reaction. The addition of AG1478 inhibited early endosome fusion in the presence of Rab5: wild type, however, the addition of Rab5: Q79L mutant reversed the inhibitory effect and thus stimulated endosome fusion ( Figure 4B ).
Based on previous data [21, 30] and the results reported here, we then investigated the effect of the tyrosine kinase enzymatic activity of the EGF-receptor on the endosome fusion stimulated by Rin1. Rin1 is a guanine nucleotide exchange factor for Rab5 that supports endosome fusion [21, 23] . As shown in Figure 5 , Rin1 stimulated endosome fusion. As expected, the addition of AG9 did not affect the endosome fusion. However, AG1478 inhibitor partially blocked endosome fusion stimulated by Rin1. Collectively, these results reinforce the conclusion that tyrosine kinase activity of EGF-receptor may be involved in the activation of Rab5, at least in part, via Rin1.
DISCUSSION
Given the importance of tyrosine phosphorylation, which is produced upon stimulation with growth factors in intact cells, specific and selective inhibitors of tyrosine kinase activity are an important means for investigating receptor tyrosine kinases (i.e., EGF-receptor) [1] . Therefore, the utilization of these inhibitors may be critical for elucidation of the role that tyrosine kinases play in membrane trafficking and signaling [4] . Furthermore, the activation of intrinsic or associated tyrosine kinases during the internalization of growth factor receptors is a key feature of both endocytic and signaling processes. Indeed, the studies on endocytosis of kinase-inactive mutants of several growth factors, including the EGFreceptor, suggested that kinase activity is necessary for maximal internalization rate, endosomal localization and down regulation of the receptor [22, 28, 29, 31 ].
Here we demonstrated that AG1478, an EGF-receptor tyrosine kinase inhibitor, blocked the fusion between endosomes. This inhibitory effect was reversed by the addition of Rab5: Q79L mutant, but not by the addition of Rab5: wild type. Consistent with this observation, AG1478 blocked the formation of enlarged Rab5-positive endosomes upon EGF stimulation in intact cells. This observation is further supported by the significant reduction in the perimeter of Rab5-positive endosomes (Suppl. Figure 3) . Thus, these data suggest a positive role of receptor tyrosine kinase activity on endosome fusion that is mediated by the activation of Rab5, which is in agreement with an increase in early endosome size observed upon EGF stimulation.
Interestingly, we also observed that the presence of AG1478 inhibitor blocked the activation of Rab5 in intact cells expressing Rab5: wild type (Figure 2) . However, the addition of AG1478 inhibitor neither blocked the intracellular localization of EGF-receptor nor the formation of enlarged Rab5-positve endosomes in cells expressing Rab5: Q79L mutant (Suppl. Figure 1) . These results are supported by the observation that the perimeter of Rab5-positive endosomes in cells expressing Rab5: Q79L mutant were not significantly affected by the addition of either EGF or AG418 inhibitor (Suppl. Figure 3) . Thus, these data establish that tyrosine kinase activity of the EGF-receptor is required for the formation of enlarged Rab5-positive endosomes, and more importantly, they also demonstrate that the inhibition of the tyrosine kinase activity of the EGF-receptor is linked to the inactivation of Rab5.
Fluorescence microscopy analysis also revealed that the accumulation of EGF-receptor in early endosomes is dependent on tyrosine kinase activity, since AG1478 inhibitor also blocked the internalization of the EGF-receptor (compare Figure 1E and H) . Similarly, it has been demonstrated that PD158780, another EGF-receptor tyrosine kinase inhibitor, also affected early steps of internalization [22, 32] . Thus, it is possible that these inhibitors may work at different steps during endocytosis of EGF-receptor by affecting the recruitment of selective factors [24, 33] . PD158780 prevented the targeting of EGF-receptor into coated pits by altering the recruitment of subunits of the AP2 complex [22] . However, here we showed that Rin1, a Rab5-GEF, was not recruited to the membrane upon EGF stimulation in the presence of AG1478.
The possible mechanism of this inhibitory effect may be associated with the fact that Rin1 is associated with EGF-receptor upon ligand stimulation [31] , and since Rin1 is also required for the fusion assay [21, 23] , it raises the possibility that the tyrosine enzymatic activity of the EGF-receptor may be required during the fusion assay. To our surprise, we found that the addition of AG1478 inhibitor blocked the fusion reaction. This inhibitory effect was concentration-dependent and specific, since an inactive analog (i.e., AG9) did not affect the fusion reaction. More importantly, stimulation of the fusion reaction by Rin1 was also partially blocked by AG1478, suggesting that the presence of AG1478 may affect the recruitment of Rin1 to membrane, which is in strong agreement with the fact that Rin1 was found to be significantly less associated with membrane fraction in the presence of AG1478 upon EGF stimulation. Consistent with this idea, we also found that Rab5: wild type partially reversed the inhibitory effect of AG1478. Alternatively, it is possible that Rin1 may also activate Rab5 independently of its association with the activated EGF-receptor in our in vitro endosome fusion system. Therefore, once Rab5 is activated, it will increase the endosome fusion independently of the presence AG1478 inhibitor, which is consistent with the observation that Rin1 activates Rab5 in an in vitro system [21] . In support of this idea, the addition of AG1478 neither affects the endosome fusion stimulated by Rab5: Q79L mutant nor the formation of enlarged Rab5: Q79L mutant-positive endosomes in intact cells. Nevertheless, our in vitro and in vivo data support the idea that the tyrosine kinase enzymatic activity of the EGF-receptor, at least in part, is required during the fusion assay.
Another view of the fusion reaction between endosomes containing B-EGF and Av-GAL, is that AG1478 inhibitor affects the activation of Rab5 in one set of endosomes (i.e., B-EGF endosomes). Therefore, this model predicts that Rab5 must be present in both sets of endosomes. Our results are in strong agreement with previous observations that Rab5 was required for the fusion in both endosomes [34] [35] [36] . However, two questions remain to be answered: 1-whether Rab5 is present on endosomes containing Av-Galactosidase?, and 2-what is the nucleotide status of Rab5 on these endosomes? Several lines of evidence have shown that Rab5 localizes on early endosomes containing fluid phase markers [37] [38] [39] [40] [41] [42] and more importantly, we have found that Rab5 is activated during the enodocytosis of HRP, a commonly used fluid phase marker. However, this activation of Rab5 during fluid phase endocytosis is less robust when compared with the activation of Rab5 during EGF stimulation (Suppl. Figure 6 ). Similarly, other fluid phase markers (i.e., Av-GAL and Dextran) poorly activated Rab5 as compared to EGF stimulation (data not shown). The activation of Rab5 during the endocytosis of fluid phase markers is currently under further investigation. For instance, dependent on cell type, overexpression of Rabex-5 induces the formation of enlarged endosome [15, 40] , but not the overexpression of either Rin1 or RAP6 in mammalian cells; Rin1 requires tyrosine phosphorylation of the EGF-receptor [31] , while Rabex-5 requires ubiquitination [45, 46] and RAP6 does not interact with EGF-receptor directly [47] . These Rab5-GEFs were also required in several in vitro endosome fusion reactions [15, 21, 42] . Thus, it is possible that several mechanisms of activation of Rab5 are taking place during EGF-receptor endocytosis and endosome fusion.
In conclusion, we have used in vivo and in vitro approaches to investigate the role of tyrosine phosphorylation during the fusion reaction. Specifically, we have demonstrated that tyrosine kinase inhibitor affects the formation of enlarged Rab5-positive endosomes and activation of Rab5 in intact cells. These data suggest that the receptor kinase activity may provide a link between early endosomes and signaling molecules, including Rin1, which in turn, will activate the small GTPase Rab5 as well as directly increase the fusion activity.
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Growth factor receptor-bound protein 2 NR6 cells expressing either EGF-receptor wild type or EGF-receptor K721M mutant were transfected with plasmids encoding GFP-Rab5: wild type (A) and GFP-Rab5: Q79L mutant (B) in the absence or in the presence of EGF and 100 nM AG1478 inhibitor as indicated in the Figure. 100 ng/ml EGF was bound to the cells at 4°C for 60 min. The cells were washed and then incubated at 37°C for 8 min. Subsequently, the cells were washed three times with ice-cold PBS, lysed and incubated with glutathione beads either in the presence of GST alone or GST-EEA1 at 4°C for 60 min. After incubation, the beads were washed and the presence of activated Rab5 was analyzed by Western blotting. The data are presented as means ± SD of four independent experiments. NR6 cells expressing EGF-receptor wild type were incubated with 100 ng/ml EGF and 100 nM AG1478 inhibitor as described in Materials and Methods. After treatment, cells were washed with ice cold PBS and incubated at 37°C for 8 minutes. Cells were then washed again using ice-cold PBS, homogenized and membrane fractions were prepared as described in Materials and Methods. Membrane [M] and cytosol [S] fractions (A) were treated with sample buffer and proteins were subject to SDS-PAGE, blotted to a nitrocellulose membrane, and antibodies specific to Shc (B), Grb2 (C), Rin1 (D), Rabex-5 (E), phospho(p)-EGF-receptor, total(t)-EGF-receptor, and tubulin (A) were used to visualize these proteins by Western blot analysis. Relative levels of these proteins were determined by densitometry. Data represents the mean ± SD of four independent experiments. (A) Effect of cytosol and energy on the endosome-endosome fusion. Five-min vesicles containing either Biotin (B)-EGF or Avidin (Av)-GAL were mixed in fusion buffer supplemented with 1 mg/ml cytosol containing an ATP-regenerating system either in the absence ( ) or in the presence of different amounts of AG9 ( ) and AG1478 (•). Samples were then transferred to 37°C for the indicated times and processed as described in Materials and Methods in order to determine the percentage forming the immune complex formation. The data are presented as means ± SD of four independent experiments. (B) Fusion assay was performed under standard conditions as described in Figure 1A , either in the absence or in the presence of Rab5: wild type or Rab5: Q79L mutant, supplemented with either 20 μM AG1478 or 0.5 mg/ml of cytosol in the presence of ATP. The data are presented as means ± SD of four independent experiments. Fusion assay was performed under standard conditions as described in Figure 4 , either in the absence or in the presence of different concentrations of Rin1 supplemented with 20 μM AG1478 (•) and 0.5 mg/ml cytosol. Empty circle ( ) indicates addition of AG9. The data are presented as means ± SD of four independent experiments.
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